Peri-procedural myocardial infarction (MI) is a not infrequent complication of percutaneous coronary intervention (PCI), but conflicting information exists regarding incidence and prognostic impact of this event. We investigated frequency, causes, predictors, and clinical relevance of peri-procedural MI, using a large database.
Introduction
Percutaneous coronary intervention (PCI) has been one of standard revascularization procedures for patients with significant coronary artery disease and the operators are now performing PCI for a wide variety of clinical and anatomic situations, giving public health significance to factors that affect the outcome of these procedures. Percutaneous coronary intervention can be associated with a small but significant incidence of several peri-procedural complications such as myocardial infarction (MI), thrombosis, stroke, major bleeding, or death. Among these events, periprocedural MI, which can range from a minor elevation of cardiac enzymes to a large-sized infarct, is the most common complication.
Previous several studies reported that the incidence of periprocedural MI varies from 5 to 30% according to the diagnostic criteria and the local practices. 1, 2 There have been several investigations regarding criteria, risk factors, and impact of peri-procedural MI on outcome. 3 -6 However, the clinical relevance and long-term prognostic value still remain a matter of considerable debate. By this reasoning, there is no clarity adopting peri-procedural MI as a major outcome measure in clinical trials of PCI or pharmacological therapies. The purpose of the present study was to determine the frequency, causes, and risk factors of peri-procedural MI and to assess the relationship between peri-procedural MI and mortality. To accomplish this, we pooled and analysed data from available randomized clinical trials and registries with similar methods, including case report forms, definitions, and adjudication procedures.
Methods Study population, procedures, and enzyme measurements
For the present analysis, databases from 11 prospective PCI studies (8 randomized clinical trials and 3 registries) were pooled to provide a patient-level data analysis. Study designs and results have been previously published. 7 -17 Among all studies included, peri-procedural enzyme creatine kinase-MB (CK-MB) mass data and mortality data were prospectively collected. These studies contain information on patient demographics, cardiac or coexisting risk factors, clinical manifestations, left ventricular function, angiographic and procedural characteristics, and in-hospital and follow-up outcomes. Relevant data were prospectively collected using a dedicated, electronic case report form by specialized personnel at each centre, and the Internetbased system provides each centre with immediate and continuous feedback on processes and quality-of-care measures. All databases are maintained at the Clinical Research Center of Asan Medical Center, Seoul, Korea, and therefore a convenience sample of 11 clinical studies was available in existing merged data sets. All of these studies were approved by the local institutional review board, and all patients provided written informed consent. Among studies, PCI was performed according to current standard guidelines. Antiplatelet therapy and peri-procedural anticoagulation were administered according to standard regimens. All patients were prescribed aspirin (loading dose, 200 mg) plus clopidogrel (loading dose, 300 or 600 mg) before or during PCI. After the procedure, aspirin (100 -200 mg per day) was continued indefinitely. Patients treated with drug-eluting stents were prescribed clopidogrel (75 mg per day) for at least 12 months and patients treated with bare-metal stents were prescribed clopidogrel for at least 1 month.
Routine measurements of CK-MB, as measured by mass assay, were performed in all patients according to each study protocol. Blood samples were routinely collected for the measurement of CK-MB levels at baseline, every 8 h for the first 24 h after the procedure, and daily thereafter during hospitalization. For each patient, the CK-MB ratio was calculated as the ratio between the peak CK-MB level and the upper limit of normal for the participating laboratory of each study. Among these studies, routine measurements of cardiac troponin after PCI were not performed in each centre due to no reimbursement by the government for this test in such situation. All laboratory testing was performed by personnel unaware of patient information and study objectives.
Event adjudication, definitions, and follow-up
For each study, an independent clinical events committee adjudicated all clinical endpoints of the study, and all outcomes of interest were confirmed by source documentation collected at each hospital. In cases adjudicated to be peri-procedural MI events, after thorough evaluations of baseline and post-procedural coronary angiograms by experienced and independent personnel, causes or mechanisms of MI were recorded as one of the following (as pre-specified in event adjudication form): side-branch occlusion, slow flow or no-reflow (abrupt closure), distal embolization, thrombus, flow-limiting dissection, disruption of collateral flow, others, or non-identifiable mechanical causes. All of the studies utilized the same angiographic core laboratory (Asan Medical Center, Seoul, Korea).
For all studies included in this analysis, peri-procedural MI was defined as an elevation of CK-MB .3 times the upper limit of the normal range in at least two blood samples with a normal range of baseline value within 48 h of the procedure. If the pre-PCI CK-MB values are elevated more than the upper normal limits, such as patients initially presented with acute MI, CK-MB re-elevation at least 50% greater than the most recent pre-procedure concentration with documentation that the values were stable or falling before PCI was required for the diagnosis of peri-procedural MI in this setting. Secondarily, an alternative criteria of MI (an elevation of CK-MB .5 times the upper limit of the normal range), defined post hoc, was also examined on the basis of recent arbitrary criteria of peri-procedural MI. 18 Death was defined as death resulting from any cause. Among studies, clinical follow-up was performed via office visit or telephone contact at 1, 6, and 12 months and then every 6 or 12 months thereafter according to the study protocol. At each time of follow-up contact, data pertaining to patients' clinical status and interim occurrence of adverse events were collected. All other possible information derived from outpatient visits and hospital readmission or by the referring physician, patients, or relatives were entered into the dedicated database. For validation of complete followup data on mortality, information on deaths from the hospital was matched with the records from the National Population Registry of the Korea National Statistical Office by using a unique personal identification number.
Statistical analysis
Continuous variables are described as mean and SD, and dichotomous variables are described as counts and percentages. Baseline clinical, angiographic, and procedural characteristics were compared among patients with and without peri-procedural MI, using Student's t-tests or Mann-Whitney U tests for continuous variables and the x 2 test or Fisher's exact test for categorical variables as appropriate. Multivariable logistic regression analysis was performed to identify independent predictors associated with peri-procedural MI. Generalized estimating equations were used to account for between-study heterogeneity and within-study clustering. 19 To examine the clinical impact of peri-procedural MI on mortality, we used a Cox proportional hazards model to compare the cumulative mortality rates between patients with peri-procedural MI and those without peri-procedural MI. To account for between-study heterogeneity and within-study clustering, since patients at the same study may have similar profiles of characteristics, the robust standard errors on the basis of sandwich estimators were used. 20 Then, to examine the time-dependent relationship of the presence of peri-procedural MI to mortality, we fitted a Cox proportional hazards model for mortality from 0 to 30 days (short term), 30 days to 1 year (intermediate term), and from 1 to 3 years (long term). This was done both with and Peri-procedural myocardial infarction after PCI without the baseline covariates, which were clinically relevant or were significantly associated with mortality (P , 0.05) (study, age, sex, diabetes, history of MI, peripheral vascular disease, renal dysfunction, acute coronary syndrome, ejection fraction, multivessel disease, left main disease, bifurcation disease, stent type, and number of stents). The assumptions of the proportional hazards were statistically assessed on the basis of Schoenfeld residuals and graphically using log -log plots. No significant deviations from the assumption were noted. Unadjusted survival curves for between-groups were created using the Kaplan-Meier method and compared by the log-rank test.
All reported P-values were two-sided, and P-values ,0.05 were considered to indicate statistical significance. The SAS software, version 9.1 (SAS Institute, Cary, NC, USA) was used for statistical analysis.
Results
Baseline characteristics and incidence of peri-procedural myocardial infarction A total of 23 604 patients from 11 studies (8 randomized trials and 3 observational studies) were included in this analysis. Major clinical and demographic features of the patients of the included studies are shown in Supplementary material online, Appendix Table SA1 . All the study populations had a mean age of 62 years, 70% of patients were men, 30% had diabetes, and 58% presented with acute coronary syndromes. For the devices of PCI, 82% patients received implantation of drug-eluting stents. Follow-up varied from 1 to 5 years.
Among 23 604 patients, 1677 {7.1% [95% confidence interval (CI) 6.8 -7.4)} had peri-procedural MI; by ratio of CK-MB elevations, 713 (42.5%) had CK-MB ratio of 3 to ,5, 567 (33.8%) had CK-MB ratio of 5 to ,10, and 397 (23.7%) had CK-MB ratio of .10. The incidence of peri-procedural MI was 6.4% (1059 of 16 424) in men and 8.6% (619 of 7180) in women (P , 0.001). And, the incidence of peri-procedural MI was 8.2% (819 of 9948) in patients with stable angina and 6.3% (858 of 13 656) in patients with acute coronary syndromes (P , 0.001). By the alternative definition of MI, 964 patients had peri-procedural MI [4.1% (95% CI 3.8 -4.3)].
Baseline, angiographic, and procedural characteristics according to the presence or absence of peri-procedural MI are shown in Table 1 . Compared with patients without peri-procedural MI, those with peri-procedural MI had higher risk profiles of patient-, lesion-, and procedure-related characteristics.
Mechanisms and predictors of peri-procedural myocardial infarction
After source documentation of MI with a detailed review of baseline and procedural coronary angiogram, plausible causes underlying peri-procedural MI are shown in Table 2 . Among them, side-branch occlusion was the most common cause of periprocedural MI. In 21% of patients with peri-procedural MI, possible mechanical causes were not identifiable.
In a multivariable logistic generalized estimated equation regression model, older age, female gender, diabetes, hypertension, renal dysfunction, multivessel disease, left anterior descending artery disease, left main disease, bifurcation lesion, long lesion (.20 mm), drug-eluting stents, and number of stents were independent predictors of peri-procedural MI (Table 3 ). When this model was performed for alternative definition of peri-procedural MI, the key predictors were similar.
Association of peri-procedural myocardial infarction with mortality
During a mean follow-up period of 2.9 years, 1023 total deaths occurred. The unadjusted all-cause mortality rate was 5.7% (95% CI 4.6 -6.9) in patients with peri-procedural MI and 4.2% (95% CI 3.9 -4.5) in those without peri-procedural MI (Figure 1) . In crude analyses using a Cox proportional hazards model, patients with peri-procedural MI were significantly associated with an increased risk of mortality compared with those without peri-procedural MI ( Table 4) . When a crude Cox model was fitted to the 30-day, 1-year, and 3-year mortality data, the presence of peri-procedural MI was associated with intermediate-and long-term risk of mortality, but not with short-term mortality. These findings were also consistent using the alternative definition of peri-procedural MI ( Figure 2 , Table 4 ).
After baseline risk adjustment, patients with peri-procedural MI had a higher risk of mortality than did patients without periprocedural MI (adjusted hazard ratio 1.20; 95% CI 1.04-1.39) ( Table 4) . These findings did not differ according to gender and clinical presentation; there was no interactions between subgroup features and the effect of peri-procedural MI on mortality (interaction P-value for gender ¼ 0.38, and interaction P-value for clinical presentation ¼ 0.52). However, in a landmark analysis according to time interval, none of the interval measures were statistically significant. Analysis of the alternative definition of peri-procedural MI yielded similar results ( Table 4) .
Discussion
This is the largest study, in which CK-MB mass assay was routinely performed in all patients, to systematically evaluate the frequency, causes, predictors, and clinical relevance of peri-procedural MI using patient-level data from several PCI trials. The major findings are (i) the overall incidence of peri-procedural MI was 7%; (ii) side-branch occlusion is the most common cause, and there was no identifiable mechanical cause in one-fifth; (iii) several higher risk clinical, angiographic, and procedural features were identified as independent predictors; (iv) peri-procedural MI was associated with an increased risk of mortality.
In our study, the overall incidence of peri-procedural MI was 7.1%, which was within the expected range of previous PCI studies using the same CK-MB criteria. 21, 22 Recent consensus documents support that the preferred biomarker for myocardial necrosis is cardiac troponin (I or T), which has high myocardial tissue specificity as well as high clinical sensitivity. 18, 23 With its increased sensitivity, compared with CK-MB measurement, the use of cardiac troponin might significantly increase the prevalence of peri-procedural MI. Several studies showed that measurement of troponin indeed resulted in a doubling or tripling of the rate of diagnosis of MI. 5, 21, 24 However, until now, there is less experience using this biomarker and it may be overly sensitive for
discriminating prognostic impact. 25 In the upcoming year, the specificity for PCI-related coronary events and prognostic relevance of troponin should be confirmed through large clinical trials, and also its increased sensitivity has to be carefully weighed against the reduced specificity for device-specific outcomes. 26 There is limited support in the literature for determining the relative frequency of plausible mechanisms based on large data sets with solid angiographic documentations. In the current study, peri-procedural MI was most commonly due to side-branch occlusion. The current available evidence and the usual approach support a strategy of main vessel only stenting with provisional stenting of the side branch. 27 Our findings may additionally emphasize that careful review of side-branch anatomy and optimal sidebranch protection during extensive PCI is required to minimize procedural necrosis. In 20% of peri-procedural MI events, no mechanical causes were identified. This may be partly attributable to micro-embolization of thrombotic or atherosclerotic material, which can be undetectable in coronary angiogram, as suggested in imaging study using cardiac magnetic resonance. 28 Previous study suggested that the adverse effect of any MI on mortality was confined to patients with evident angiographic complications, not those without angiographic complications. 29 Therefore, it warrants further studies to determine whether additional monitoring or management is indicated for isolated CK-MB elevation without obvious angiographic complications. There are conflicting data regarding the prognostic relevance of peri-procedural MI. 1, 2, 22 In our study, peri-procedural MI was associated with an increased risk of morality. However, we cannot address whether peri-procedural MI has direct causality for mortality or it functions as a marker of more severe coronary atherosclerosis and procedural complexity that is responsible for higher mortality after PCI. 2 In addition, our study does not delineate the mechanism linking peri-procedural MI and mortality. Meanwhile, in clinical viewpoint, the presence of peri-procedural MI would be used to be an important biomarker descriptor identifying high-risk patients for future clinical events. In our study, the incidence of peri-procedural MI was significantly lower in patients with acute coronary syndrome than in those with stable angina (6.3 vs. 8.2%, P , 0.001). The current MI definition could have penalized the acute coronary syndrome population, especially in patients with elevated baseline enzyme (i.e. NSTEMI or STEMI), because a second MI could be adjudicated with documentation of falling or nadir levels of enzyme. procedural myocardial infarction using pre-specified definition. Kaplan-Meier survival curves show observed mortality rates for patients with and without peri-procedural myocardial infarction (MI) using original definition of myocardial infarction (CK-MB .3× UNL), which was pre-specified in each study protocol. P-value was calculated by the log-rank test. CK-MB, creatine kinase-MB; ULN, upper limit of normal.
most cases of NSTEMI or STEMI involve PCI during a period when biomarkers are increasing, a reliable distinction between subsequent MI and index MI event is very difficult in clinical practice.
Therefore, to define a second MI for such individuals, clearer guidelines and diagnostic criteria remain to be established. By arbitrary convention of third universal definition of MI, 18 the incidence of peri-procedural MI was significantly lower than the rate of MI, using pre-specified definition (4.1 vs. 7.1%). However, there were no significant differences of important predictors for peri-procedural MI and its prognostic impact among two different criteria. If other mandatory criteria of ischaemic, angiographic, or imaging findings of third definition of MI, which are not currently available in our data sets, are simultaneously applied, the prevalence of MI would be further decreased, but the prognostic influence would be more intensified. Further studies are needed to verify the clinical utility and prognostic value of newer definition of MI among diverse PCI settings. Potential limitations of our study warrant discussion. As a retrospective observational analysis, residual confounding or selection bias cannot be completely excluded. And, since this is a secondary data analysis, results should be considered hypothesis-generating only and need to be confirmed in an additional dedicated study. Second, the database merged several clinical studies, and interstudy variability may exist that could have influenced results. In addition, our analysis merged data from randomized trials and observational registries, which are different in terms of the nature of study designs. However, to account for between-study heterogeneity and within-study clustering, adequate statistical techniques were used, and major findings were overall consistent in a cohort of randomized trials and a cohort of observation studies. Kaplan -Meier survival curves show observed mortality rates for patients with and without peri-procedural myocardial infarction (MI) using alternative definition (CK-MB .5× UNL), which was defined post hoc. P-value was calculated using the log-rank test. CK-MB, creatine kinase-MB; ULN, upper limit of normal.
Third, since we did not systematically measure cardiac troponin, comparison of two biomarkers for the detection of periprocedural are not feasible. Fourth, a majority of patients did not have a complete follow-up of 3 years; there would be a potential for ascertainment bias to assess late mortality impact beyond 1 year. And, although the study was adequately powered to test the difference in mortality among the overall population, it might be underpowered to detect differences in each landmark analysis. Finally, it should be also recognized that there are differences in the PCI practice and monitoring of cardiac biomarkers at the time of PCI between our and other institutions. 30 
Conclusions
Among patients undergoing PCI in contemporary practice, the occurrence of peri-procedural MI as measured by CK-MB mass assay was 7.1%. More than half of peri-procedural MI was associated with side-branch occlusion, and several higher risk patient-, lesion-, and procedure-related characteristics were identified as major predictors. Peri-procedural MI was associated with an increased risk of mortality. This finding may have important clinical implications for practice and inform the valuable insights for using peri-procedural MI as a major outcome measure in future PCI trials.
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